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Abstract The human asialoglycoprotein receptor H2a precur-
sor, a type II membrane protein, is cleaved to a soluble form that
is secreted. Uncleaved precursor molecules are completely
retained in the endoplasmic reticulum (ER) and degraded by
the proteasome. To find out the causes of its fate we studied
folding of H2a precursor, which was very similar to that of its
alternatively spliced variant H2b which can exit to the Golgi.
Proteasomal inhibition led to accumulation of folded rather than
unfolded molecules. Accumulation of ER-retained H2a did not
cause an unfolded protein response. Although the receptor is a
heterooligomer of the H1 and H2 subunits, single expression led
to some self-assembly. Whereas these homooligomers accumu-
lated for H2b they were degraded for H2a. Translocation of H2a
into the ER occurred efficiently. Therefore, the retention and
proteasomal degradation of uncleaved membrane-bound H2a
precursor from the ER do not involve aberrant translocation or
misfolding and are not prevented by self-assembly.
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1. Introduction
The endoplasmic reticulum (ER) quality control apparatus
has as its main function the retention and degradation
through the proteasomal pathway of misfolded proteins and
of unassembled subunits of oligomers [1^3]. Precursors that
fail to be cleaved are also retained and degraded as is the case
with proteins that contain an uncleaved glycosylphosphatidyl-
inositol signal [4]. This is also the case with membrane-bound
human asialoglycoprotein receptor (ASGPR) H2a precursor,
which is retained and degraded if it is not successfully cleaved
to give a soluble secreted form [5]. The retention of H2a
precursor was shown to involve a pentapeptide, EGHRG, in
its ectodomain next to the membrane-spanning region. Intro-
duction of this pentapeptide into the H1 subunit of the recep-
tor (normally expressed at the cell surface) caused its complete
ER retention but the protein remained stable [6]. It is usually
assumed that proper folding and assembly preclude retention
and degradation. However, retained proteins with an un-
cleaved glycosylphosphatidylinositol signal fold properly [7]
and so does ASGPR H1 after introduction of the H2a penta-
peptide [6]. De¢cient translocation was also shown to cause
ER retention and degradation as is the case with ApoB [8,9].
Here we show that H2a precursor folds and also self-assem-
bles similarly to its splicing variant H2b (which does not con-
tain the EGHRG signal and is not ER-retained). However,
the folding and self-assembly of H2a do not preclude its ER
retention and degradation through the proteasomal pathway.
We also show that the juxtamembrane pentapeptide does not
alter the e⁄ciency of translocation of H2a.
2. Materials and methods
2.1. Materials
Rainbow 14C-labeled methylated protein standards were obtain
from Amersham (Buckinghamshire, UK). Pro-mix cell labeling mix
([35S]methionine plus [35S]cysteine) was from Amersham; s 1000 Ci/
mmol. Protein A-Sepharose was from Repligen (Cambridge, MA,
USA). N-Acetyl-leucyl-leucyl-norleucinal (ALLN) and N-glycosidase
F were obtained from Boehringer Mannheim Biochemicals (Indian-
apolis, IN, USA). N-Carbobenzoxyl-leucinyl-leucinyl-leucinal (MG-
132) was from Calbiochem (La Jolla, CA, USA). Proteinase K, tuni-
camycin and common reagents were from Sigma Chem. Co. (St.
Louis, MO, USA).
2.2. Cell lines and culture
Mouse NIH 3T3 ¢broblasts expressing H2a (2-18 cells) or H2b (2C
cells) were grown in Dulbecco’s modi¢ed Eagle’s medium (DMEM)
plus 10% calf serum under 5% CO2 as described [10].
2.3. Antibodies
A rabbit polyclonal antibody speci¢c for a peptide corresponding to
the carboxy-terminus of H2 was the one used in earlier studies [5,10].
A rabbit polyclonal anti-heavy chain binding protein (BiP) was from
Stressgen Biotechnologies Corp. (Victoria, BC, Canada).
2.4. Metabolic labeling and immunoprecipitation
Pulse-labeling and chases, immunoprecipitation of H2a and H2b
from cell lysates and N-glycosidase F treatments were performed as
described before [5,10]. For BiP the labeling was done with
[35S]cysteine-methionine mix without the addition of unlabeled me-
thionine.
2.5. Gel electrophoresis, £uorography and quantitation
Reducing SDS-PAGE was performed on 10% Laemmli gels except
where stated otherwise. For non-reducing conditions L-mercaptoetha-
nol was not included in the bu¡er. The gels were analyzed by £uo-
rography using 20% 2,5-diphenyloxazole and exposing to BioMax
MR ¢lm from Eastman-Kodak (Rochester, NY, USA). Quantitation
was performed in a Fuji BAS 1000 phosphorimager (Japan).
2.6. Susceptibility to protease digestion
Following metabolic labeling and immunoprecipitation, the immu-
noprecipitates were washed and the pellets were resuspended in phos-
phate-bu¡ered saline. Then, proteinase K, at concentrations of
5^50 Wg/ml, was added to the resuspended pellets for 15 min on ice.
The digestion was stopped by adding 10 mM phenylmethylsulfonyl
£uoride, followed by boiling in sample bu¡er and the samples were
subjected to SDS-PAGE.
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2.7. In vitro transcription-translation
The reactions were done using an in vitro transcription-translation
kit (Promega) according to the manufacturer’s instructions. H2a and
H2b cDNAs, which are cloned into the BamHI-EcoRI sites in the
vector pcDNAI, containing the T7 promoter, were linearized with
EcoRI and cleaned by phenol:chloroform extraction. Then, the line-
arized plasmids were transcribed with T7 RNA polymerase for 2 h,
followed by incubation with RNase-free DNase for 15 min. The nu-
cleotides were removed by passing the RNAs through a Sephadex
G50 column and analysis of the RNAs obtained was performed by
agarose electrophoresis in the presence of 6.6% formaldehyde. H2a
and H2b RNAs were heated for 10 min at 65‡C prior to the trans-
lation reactions. Then they were translated for 1 h at 30‡C using the
rabbit reticulocyte cell lysate in the presence of [35S]cysteine-methio-
nine and microsomal membranes. At the end of the translation, the
samples were incubated with RNase for 30 min, then boiled for 5 min
with sample bu¡er and subjected to SDS-PAGE, followed by £uoro-
graphy.
2.8. Protease protection assay
At the end of the in vitro translation, the reactions were transferred
to ice and incubated with 0.15 mg/ml of proteinase K for 30 min.
Then the samples were precipitated with 10% trichloroacetic acid for
15 min, followed by centrifugation. The pellets were washed with
acetone, dried, resuspended in sample bu¡er and subjected to SDS-
PAGE.
3. Results
3.1. ER degradation of H2a does not involve misfolding
Endogenous ASGPR H2a and H2b in HepG2 cells are
synthesized as 42 kDa membrane-bound precursors. But
whereas H2b is processed in the Golgi to a 50 kDa mature
form, H2a precursor is completely retained in the ER unless it
is cleaved to a 35 kDa fragment corresponding to its ectodo-
main which can be secreted [5]. H2a is di¡erent from H2b
only because it contains an extra juxtamembrane pentapep-
tide, EGHRG. The di¡erent fates of H2a and H2b are repro-
duced when they are transfected into NIH 3T3 cells where
they are normally not expressed. A di¡erent degree or rate
of folding of H2a compared to H2b could be the cause for the
protein to be retained and degraded in the ER. Therefore we
analyzed their behavior in an assay that takes advantage of
the presence of several disul¢de bonds. Newly synthesized
membrane and secretory proteins have been shown to migrate
as lower mobility bands in non-reducing SDS-PAGE, repre-
senting unfolded or partially folded intermediates that are
converted into a compact higher mobility band upon folding
[11]. Using this assay we had seen that H2a and H2b folded in
a similar fashion [6]. However, we could have been looking
only at molecules that survived degradation and are thus cor-
rectly folded. We therefore incubated cells with a proteasome
inhibitor, ALLN [12], and compared their folding (Fig. 1).
Cells were labeled with a short pulse of [35S]cysteine followed
by chase for 2 h. Before cell lysis the cells were treated with
iodoacetamide to block free sulfhydryl groups and after im-
munoprecipitation the proteins were treated with N-glycosi-
dase F to eliminate heterogeneity in the run. As can be seen in
Fig. 1, the protein precursors (the region of cleaved fragments
is not seen) migrated as unfolded and partially folded species
after the pulse (Fig. 1, lane 2); the latter had a fast migration
but were sensitive to dithiothreitol (DTT) (lane 3). These
bands were converted to a higher mobility band after chase
that was mostly resistant to in vivo reduction by DTT as
compared to the pulse. The resistance to DTT re£ects burial
into the protein structure and thus inaccessibility of the disul-
¢de bonds upon folding. ALLN caused mostly accumulation
of the folded form for H2a. For H2b there was an increase of
both folded and partially folded species; the latter had a fast
migration (Fig. 1, lower panel, lane 6) but were partially sen-
sitive to DTT (lane 7). Thus, especially for H2a, most of the
molecules that degrade in the absence of ALLN were compe-
tent for folding.
To analyze folding using a di¡erent assay, independent of
disul¢de bond formation, we looked at the susceptibility to
protease digestion. Unfolded nascent polypeptides are more
sensitive to proteolytic cleavage than folded proteins [13]. In-
cubation of immunoprecipitates of H2a or H2b with protein-
ase K gave a similar series of small fragments after pulse-
labeling (Fig. 2A, lanes 2 and 3). Digestion was almost com-
plete using 50 Wg/ml of the protease. After 2 h chase the
proteins gave less small fragments. The pattern obtained
was very similar for H2a and H2b con¢rming that the extra
H2a pentapeptide does not in£uence the overall folding of the
molecules.
3.2. Expression or accumulation of H2a does not activate the
unfolded protein response (UPR)
The UPR is triggered by the presence of misfolded proteins
in the ER and involves the upregulation of the expression of
genes encoding ER-resident chaperones, e.g. BiP [14]. If H2a
were recognized by the cell as a misfolded protein it should
trigger the UPR when expressed or even more pronouncedly if
these misfolded molecules would accumulate in the presence
of proteasome inhibitors. To analyze UPR activation we
measured BiP expression by metabolic labeling in 3T3 cells
or in the same cells stably expressing H2a and H2b. Only
small di¡erences were seen in BiP expression between the
di¡erent cell lines (Fig. 2B). This was also true even after
Fig. 1. H2a molecules which are degraded by the proteasome are
not unfolded. NIH 3T3 cells (upper panel, lane 1), or the same cells
expressing H2a (2-18 cell line, upper panel, lanes 2^7) or H2b (2C
cell line, lower panel) were metabolically labeled for 10 min with
[35S]cysteine and chased for the indicated times with complete me-
dium in the absence or presence of 100 WM ALLN. In lanes 3,
5 and 7 DTT (5 mM) was added to the cell medium for the last
5 min of the pulse or chase periods. Cells were then incubated with
0.1 M iodoacetamide for 5 min at 4‡C, lysed and immunoprecipi-
tated with anti-H2 antibody. The immunoprecipitates were treated
with N-glycosidase F and run on SDS-PAGE under non-reducing
conditions followed by £uorography. Migration of species with re-
duced ‘unfolded’ or unreduced disul¢de bonds ‘folded’ is indicated
on the left.
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treatment of the cells for 16 h with the proteasome inhibitor
MG-132, although in this case there was an enhanced expres-
sion in all due to a moderate induction of the UPR by the
inhibitor itself [15]. Cells expressing H2a show a decreased
rather than an increased expression of BiP. As a control to
test the ability of cells expressing H2a to produce an UPR
they were incubated for 16 h with tunicamycin, a known in-
ducer of the UPR [16], which caused a dramatic increase in
BiP levels (Fig. 2B, lane 7).
3.3. Oligomerization of H2a and H2b
Oligomerization was found to be a requirement for the exit
from the ER of several proteins [17,18]. When H2a is coex-
pressed with the ASGPR H1 subunit they do not seem to
associate, in contrast to H1 and H2b [5]. This could be a
cause for the di¡erence in fate of H2a and H2b when coex-
pressed with H1 (retention and degradation of H2a versus
survival and exit to the Golgi of H2b). This does not, how-
ever, explain the ability of H2b to exit the ER when singly
expressed as compared to H2a [10]. We therefore analyzed if
in the absence of H1 there could be a di¡erence in self-assem-
bly of H2a and H2b. Cells expressing H2a or H2b were met-
abolically labeled with [35S]cysteine followed by chase for dif-
ferent periods, immunoprecipitation from cell lysates and
SDS-PAGE under non-reducing and reducing conditions.
The results show the existence of bands that migrate as disul-
¢de-bonded homodimers, trimers and higher oligomers of
H2a and H2b under non-reducing conditions (Fig. 3A). How-
ever, whereas both H2a and H2b oligomers could be seen in
the pulse or after 10 min of chase (Fig. 3A, lanes 2^5), after
2 h of chase only H2b oligomers survived. H2a oligomers
Fig. 2. H2a and H2b show similar folding as judged by susceptibil-
ity to proteinase K. Their expression does not induce the UPR. A:
Cells expressing H2a or H2b were metabolically labeled for 10 min
with [35S]cysteine and chased for 0 or 120 min with complete me-
dium. Cells were then incubated with 0.1 M iodoacetamide for 5 min
at 4‡C, lysed and immunoprecipitated with anti-H2 antibody. The
immunoprecipitates were treated with proteinase K at di¡erent con-
centrations as indicated and analyzed on reducing 12% SDS-PAGE
followed by £uorography. On the left is indicated the migration of
precursor and Golgi-processed ‘mature’ molecules. On the right the
migration of molecular weight markers in kDa. More than one
band is seen for the proteins even without treatment with protease
due to heterogeneity of the glycosylation. B: NIH 3T3 cells (lanes
1 and 4) or the same cells expressing H2a (lanes 2, 5 and 7) or H2b
(lanes 3 and 6) were preincubated in the absence (lanes 1^3) or
presence of either 10 WM MG-132 (lanes 4^6) or 10 Wg/ml tunica-
mycin (lane 7) for 16 h. Cells were then metabolically labeled with
[35S]cysteine/methionine for 1 h in the absence or presence of the in-
dicated drugs. Cell lysates were immunoprecipitated with polyclonal
rabbit K-BiP antisera. The immunoprecipitates were analyzed by
SDS-PAGE followed by £uorography.
Fig. 3. H2a homooligomers are quickly formed but are then de-
graded. A: NIH 3T3 cells or the same cells expressing H2a or H2b
were metabolically labeled for 10 min with [35S]cysteine and chased
for the indicated times with complete medium. Cells were then incu-
bated with 0.1 M iodoacetamide for 5 min at 4‡C, lysed and immu-
noprecipitated with anti-H2 antibody. The immunoprecipitates were
run on 8% SDS-PAGE under non-reducing (left panel) or reducing
conditions (right panel) followed by £uorography. Migration of pre-
cursor or Golgi-processed ‘mature’ monomers, dimers and trimers
and of cleaved soluble fragments is indicated. The asterisks indicate
bands that probably represent complexes of H2a with ER-resident
proteins. In the reducing gel more than one band is seen for the
precursor as well as for the fragment due to varying degrees of oc-
cupation of the glycosylation sites. Migration of molecular weight
markers is shown in kDa between the two panels. B: An experiment
similar to that in A was performed with cells expressing H2a except
that immunoprecipitates were treated with N-glycosidase F. In lanes
2 and 4, DTT (5 mM) was added to the cell medium for the last
5 min of the chase period. In lanes 3 and 4 lactacystin (10 WM) was
added to the cell medium during the chase. The two asterisks indi-
cate a possible dimer of H2a soluble fragment.
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were less abundant than those of H2b and disappeared after
2 h chase (Fig. 3A, lanes 6 and 7). After the longer chase
period a shift can be seen in the migration of the monomers
and fragments under non-reducing conditions due to the more
compact structure after folding, as in Fig. 1 (Fig. 3A, lanes 6
and 7). In reducing conditions no oligomers are seen, only
bands corresponding to monomers and fragments with di¡er-
ent degrees of glycosylation. After 2 h chase a band is seen
that corresponds to mature, Golgi-processed H2b (Fig. 3A,
lanes 6 and 13), absent for H2a. The degradation of H2a
oligomers could be prevented by incubation of the cells with
the speci¢c proteasomal inhibitor lactacystin (Fig. 3B, lane 3).
In this experiment samples were treated with N-glycosidase F
to reduce heterogeneity. H2a oligomers that are seen in the
presence of lactacystin are S-S-bonded and reduced by incu-
bation of the cells with DTT (Fig. 3B, lane 4). The results
show that H2a and H2b can self-assemble but that this does
not prevent the ER retention and proteasomal degradation of
H2a.
3.4. Similar translocation e⁄ciency for H2a and H2b
De¢cient translocation leads to ER retention and degrada-
tion of ApoB [8,9] and this could also be true for H2a. To
analyze the e⁄ciency of translocation we used an in vitro
transcription-translation assay with cDNAs encoding H2a or
H2b. The proteins were synthesized in a reticulocyte lysate in
the presence or absence of dog pancreas microsomes. Both
H2a and H2b showed a similar shift in molecular weight in
the presence of the microsomes that represents glycosylation
of the three N-glycosylation sites (Fig. 4A). This indicates
complete translocation of the carboxy-terminal ectodomain
into the ER lumen. This was con¢rmed by incubation of
the samples with proteinase K, which cleaved the short cyto-
plasmic tail of both H2a and H2b in the presence of the
microsomes to yield fragments of the same size (Fig. 4B, lanes
3 and 6 compared to 1 and 4). In contrast, proteinase K
degraded the proteins completely without the protection of
the microsomal membranes (Fig. 4B, lanes 2 and 5).
4. Discussion
One of the best known causes for ER retention and degra-
dation is protein malfolding. Several mutated proteins like the
K1 antitrypsin Z mutant or the cystic ¢brosis transmembrane
conductance regulator mutant vF508 have been shown to be
misfolded, leading to their retention in the ER and degrada-
tion through the cytosolic ubiquitin/proteasome machinery
[19^21]. The extra charged pentapeptide EGHRG that occurs
naturally in ASGPR H2a and not in its variant H2b was
shown to cause the ER retention of the H2a membrane-bound
precursor. When the pentapeptide was introduced into the
sequence of the H1 subunit it caused its total retention in
the ER but this e¡ect was not achieved by causing a general
misfolding of H1 [6]. As shown in Figs. 1 and 2 the presence
of the pentapeptide in H2a precursor does not trigger malfold-
ing of the protein which could have been a cause for its ability
to serve as a substrate of the ER quality control machinery.
Folding was analyzed in two di¡erent ways, one based on the
presence of eight cysteine residues able to form disul¢de
bonds in the ectodomain of H2a and H2b [22]. The progres-
sive formation of the disul¢de bonds is accompanied by their
burying into the compact structure of the molecule during its
folding and renders them resistant to unfolding in vivo by
DTT (Fig. 1). The second assay is based on the progressive
resistance to protease digestion during folding of the mole-
cules (Fig. 2A). In both assays H2a showed a very similar
behavior to H2b indicating a similar general pattern and ki-
netics of folding of the molecules. No signi¢cant aggregation
of H2a molecules, or presence of Triton-insoluble forms was
observed either (data not shown), in contrast to that seen for
several misfolded proteins [21,23]. Inhibition of the degrada-
tion of H2a by proteasomal inhibitors led to the accumulation
of folded rather than unfolded forms (Fig. 1), indicating that
folding competent molecules can also be degraded by the pro-
teasome. After a lag these molecules would be tagged, perhaps
by ubiquitination on their cytosolic tails or by association
with chaperones, and then retrotranslocated to the protea-
some. The translocation channel (Sec61 complex) is large
enough to accommodate folded H2a monomers. Unfolding
prior to degradation might be accomplished by ATPases at
the 19S subunit of the proteasome [24]. The proteasomal deg-
radative activity may be coupled to the unfolding process and
therefore inhibition of the degradation would also block the
unfolding.
Proteasomal inhibitors did not inhibit the cleavage and se-
cretion of the H2a fragment, secretion was in fact increased in
their presence (Kamhi and Lederkremer, unpublished). In
contrast to the complete ER retention of H2a precursor,
about 30% of singly expressed H2b exits to the Golgi, the
rest being degraded [10]. When the degradation of H2b was
inhibited, a small increase in the ratio of partially folded to
folded molecules was observed, from 34% of partially folded
molecules in the absence of the inhibitor to 48% in its pres-
Fig. 4. H2a shows normal translocation into the ER membrane as
compared to H2b. A: H2a (lanes 1 and 2) and H2b (lanes 3 and 4)
cDNAs were transcribed and translated in vitro, in the absence
(lanes 1 and 3) or in the presence (lanes 2 and 4) of microsomal
membranes, as described in Section 2. At the end of the translation
the samples were boiled in sample bu¡er for 5 min and subjected to
SDS-PAGE followed by £uorography. The glycosylated and non-
glycosylated molecules (representing the translocated and non-trans-
located molecules, respectively) are indicated on the left. On the
right the migration of a molecular weight marker in kDa. B: H2a
and H2b cDNAs were transcribed and translated in vitro, in the ab-
sence (lanes 2 and 5) or in the presence (lanes 1, 3, 4, and 6) of mi-
crosomal membranes. In lanes 2, 3, 5, and 6, immediately after the
translation, the reactions were incubated with proteinase K (0.15 mg/
ml) for 30 min on ice. All the samples were then precipitated with
trichloroacetic acid and subjected to SDS-PAGE followed by £uo-
rography. Fragments cleaved by proteinase K or uncleaved are indi-
cated on the left.
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ence, indicating that at least part of the degradation of H2b
may be caused by incomplete folding of the molecules, in
agreement with a previous report [25]. Fig. 2B shows that
the accumulation of H2a or even of partially folded H2b
does not trigger the UPR, which arises from the accumulation
of truly misfolded proteins [14].
Assembly of most oligomeric proteins occurs prior to their
exit from the ER. In fact it is generally a prerequisite for exit
from the ER of many proteins. This is for instance the case
with the immunoglobulins [26,27], MHC class I [28], and the
T cell antigen receptor [17,29]. The ASGPR assembles into a
heterooligomer of H1 and H2b subunits. Singly expressed
H2b matures to the cell surface with an e⁄ciency of about
30%, but co-expression with the H1 subunit results in a sig-
ni¢cant increase in its maturation through the Golgi. On the
other hand H2a precursor or cleaved fragment do not seem to
associate with H1 [5]. In the absence of the H1 subunit both
H2a and H2b showed a signi¢cant level of self-assembly (Fig.
3). Homodimerization was shown to be a mechanism for exit
from the ER, as for example in the case of immunoglobulin
light chains expressed without the heavy chains [30]. The H2
oligomers are disul¢de-bonded as they cannot be seen in re-
ducing conditions (Fig. 3). However, while the H2b oligomers
were stable those of H2a were totally degraded after a chase
period and this degradation could be inhibited with a protea-
somal inhibitor (Fig. 3B). Therefore self-assembly of H2a pre-
cursor does not prevent its total ER retention and degrada-
tion. Other cases have been reported where oligomerization
does not override ER retention, like the case of the gp80
complex mutants that can form homooligomers in the absence
of the second subunit [31]. Insulin receptor monomers can still
very e⁄ciently dimerize in the absence of interaction with the
chaperones calnexin and calreticulin but these abnormal
dimers are retained in the ER [32]. In the case of H2a, its
precursor is retained in the ER due to the pentapeptide re-
tention signal and this retention cannot be precluded by self-
assembly. As the retention is followed by proteasomal degra-
dation future research should address the possible existence of
a step of disassembly of the oligomers prior to retrotranslo-
cation to the cytosol.
The EGHRG-charged juxtamembrane sequence could have
altered the e⁄ciency of translocation or even the orientation
of H2a as this is determined by the di¡erence in charges of the
membrane-£anking segments [33]. Altered translocation can
cause ubiquitination and ER degradation as demonstrated
for ApoB [34]. However, in an in vitro transcription-trans-
lation assay H2a and H2b showed a similar translocation
into the microsomal lumen (Fig. 4). Only the small amino-
terminal domain of H2a and H2b was still accessible for di-
gestion on the cytoplasmic face of the microsomes (Fig. 4B).
This con¢rms the complete translocation and correct type II
transmembrane orientation of the proteins.
In conclusion, the complete ER retention and degradation
of H2a precursor are not caused by incorrect translocation
nor prevented by folding or self-assembly. The retention is a
consequence of the presence of the retention determinant
EGHRG and degradation occurs when after a reasonable
time the precursor is not cleaved to its mature soluble form.
In fact, there is a lag of about 1 h before degradation occurs;
the end of this lag might be signaled by glucose and mannose
trimming reactions on H2a N-linked oligosaccharides [35].
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